The coral reefs of the Eastern Tropical Pacific (ETP) are some of the most geographically isolated of the world. A key to understanding their long-term persistence and population recovery via dispersal (i.e. population connectivity), is knowing when the corals spawn in the region. To this end, we reviewed and synthesized the literature on the reproductive phenology of corals (month of spawning) and their dispersal-related characteristics to infer the potential impact on the region's functional connectivity. We classified the region into four thermal regimes based on long-term mean sea surface temperature (SST) data: Tropical Upwelling, Thermally Stable, Equatorial Upwelling, and Seasonal. Each regime's unique spawning seasonality was then explored by quantifying the linear dependence between the number of observed spawning events and SST. Finally, the potential impact of this unique regional mismatch in spawning was illustrated using a biophysical larval dispersal model. We found spawning occurs throughout the year in the Upwelling and Thermally Stable regimes (showing low or no linear dependence with SST); whereas spawning had a strong seasonal signal in the Equatorial Upwelling and Seasonal regimes, occurring primarily in the warm months. Considering the region's mismatch in spawning phenologies, and unique dispersal traits, the simulations of coral larval dispersal across the ETP result in infrequently realized connectivity between ecoregions, low local retention and high self-recruitment, that combined with low recruitment densities in the field indicates more vulnerable populations to disturbance than previously appreciated. The strong relationship between spawning phenology and SST in some regimes suggests a greater susceptibility of these coral assemblages to extreme El Niño and La Niña events and future ocean warming.
Introduction
Phenology is the study of recurring biological events, their timing, and relationships with weather and climate (Schwartz, 2013) . There is a growing awareness of the phenology of key populational processes in marine ecosystems as a consequence of the potential shifts in response to ocean warming (Hoegh-Guldberg and Bruno, 2010; Gerber et al., 2014) . Knowing the reproductive phenology of corals (Cnidaria: Scleractinia), including the length of the breeding season, timing of the gametogenesis cycle, spawning time, and recruitment fluctuations, is fundamental to understanding local demographics, regional population connectivity, and coral reef persistence (Burgess et al., 2014) .
In many tropical and subtropical coral assemblages, breeding is highly seasonal, and sexual reproduction is concentrated in one to three months . However, aggregating data from a broad geographic extent suggest a continuum exists from high synchrony (i.e. multispecific synchronous spawning and mass spawning) to asynchronous spawning and extended reproductive seasons ). The reproductive phenology of corals is believed to be influenced by hierarchical extrinsic drivers that work from coarse to finer scales. Broadly, warming sea surface temperatures (SSTs) trigger the maturation of gametes, lunar phase influences the spawning period (week or day), and the diel light cycle or tides induce the precise hour of spawning activity (Babcock et al., 1986) . In many coral assemblages, the seasonal increase of water temperature and lunar phases are the strongest and the best-understood determinants of reproductive phenology, particularly for the oocyte maturation and multispecific synchronous spawning events (Hall and Hughes, 1996; Harrison, 2011; Keith et al., 2016) .
The study of coral reproductive phenology and its ecological and evolutionary implications have focused primarily on the mass and multispecific spawning of broadcast species and has been well documented in more than 24 locations around the globe . Mass multispecific synchronous spawning (multiple species spawning within a short time window that enables cross-fertilization; ) is believed to occur when assemblages respond similarly to local environmental cues such as temperature (Oliver et al., 1988) ; however, there is conflicting evidence to support which environmental factors (proximate cues) induce the synchrony, and through which pathways it operates, such as restricting the onset of the oogenic cycle or controlling the maturation of oocytes . Nonetheless, spawning synchrony is considered to be a feature of many coral assemblages (Bouwmeester et al., 2015) , and believed to be adaptive in broadcast-spawning species to maximize reproductive success (Babcock et al., 1986) , minimize kin competition and inbreeding (Gandon, 1999) , and to avoid predation and unfavourable local conditions (Hughes et al., 1992) . In contrast, other coral assemblages spawn asynchronically at unpredictable cyclic periods (season, month, or lunar phase), have extended breeding seasons with multiple oogenic cycles, and show high temporal and spatial variation in the proportion of mature colonies (Hughes et al., 2000; Glynn et al., 2012) . Asynchronous spawning, and protracted to unpredictable reproductive activity are attributed to a reduced environmental seasonality, particularly water temperature (Guest et al., 2005) .
Coral assemblages in the Eastern Tropical Pacific (ETP) are some of the most geographically isolated, marginal and depauperate reefs in the tropics (Robertson, 2001) , and are exposed to high levels of stress (e.g. El Niño events, high variation in water temperature and high tidal amplitudes). These coral assemblages are dominated by species that are fast-growing (e.g. Pocilloporids) and heat resistant (e.g. Poritids). It has been proposed that populations of broadcast spawning species in the ETP have unique patterns of reproductive activity, including overlapping and protracted gametogenic cycles, and asynchronous spawning over multiple events (Glynn et al., 2012) . These dominant species have high fecundity, produce autotrophic larvae, and have smaller egg sizes (Glynn et al., 2012) , traits suggested enhancing the long-distance dispersal (LDD) capacity Madin et al., 2016b) . However, many aspects of the reproductive phenology (timing of spawning events), dispersal (sources and destinations), and ultimately functional connectivity remain unknown. We hypothesise that environmental controls (i.e. seasonality in temperature) are a major driver in shaping their unique reproductive and dispersal characteristics (e.g. spawning seasonality, small and abundant eggs, and autotrophic larvae) to promote high regional larval retention and recruitment.
Here we synthesize the spawning phenology, reproductive traits, and oceanographic influences on the potential connectivity of the scleractinian coral assemblage across the ETP. Specifically, we have four aims: First, to classify the ETP into meaningful SST regimes and to describe their unique oceanographic characteristics. Second, to the quantify proximate temperature cues for the spawning seasonality (month of spawning) within each regime. Third, to quantify dispersal-related traits common in the ETP, relative to other regions. Finally, to illustrate the influence of spawning phenology and dispersal traits on the potential population connectivity of the ETP. Together, this information has the potential to improve our understanding of the region's recruitment dynamics (Hughes et al., 2002) , metapopulation structure (Cavanaugh et al., 2014) , vulnerability to disease and invasive species (Glen et al., 2013) and marine protected area efforts (Steneck et al., 2009) .
Environmental setting and heterogeneity
The ETP extends from the southern Gulf of California (Mexico) to northern Peru (Robertson and Cramer, 2009 ) and includes more than 50 marine protected areas of different sizes, levels of protection, oceanographic conditions, and possibly different degrees of isolation (UNEP-WCMC, 2015) . The region is physically diverse and dynamic, encompassing a wide variety of oceanographic features, such as cold water upwelling sites, strong equatorial currents and a significant El Niño Southern Oscillation (ENOS) influence (Paz-Garc ıa et al., 2012a; Boulay et al., 2014) . In addition, unfavourable conditions like a shallow thermocline (Rodr ıguez-Ram ırez et al., 2008), high radiation stress (Maina et al., 2011) , high tidal amplitude and high turbidity (Guzman and Cortes, 1989) limits local reef accretion. This spatial and temporal variability are key to understanding coral distribution patterns and regional reproductive phenologies.
Traditionally, long-term mean SST was identified as a primary driver in coral reproductive as well as a key determinant of coral reef structure and function Williams et al., 2013) . Here, we use a 12-year time series of monthly SST means to classify the region's reefs into four emergent regimes: (i) Tropical Upwelling, (ii) Thermally Stable, (iii) Equatorial Upwelling (Gal apagos Islands), and (iv) Seasonal (See Supplementary Appendix S1, Supplementary Table S1). These regimes have been previously proposed in the literature and differ in monthly maximum and minimum SST, and upwelling seasonality (Glynn et al., 1991; Fiedler and Talley, 2006; Alory et al., 2012; O'Dea et al., 2012; Toth et al., 2015) . Briefly, each regime is described below.
(i) Tropical Upwelling Regime. Coral reefs in the Tropical Upwelling regime experience seasonal upwelling during the dry season (late December to April), accompanied by a marked SST decline (25-26 C) and an increase in salinity (Alory et al., 2012) . The Intertropical Convergence Zone's (ITCZ) annual migration modulates upwelling seasonality (Kessler, 2006) ; this regularly occurs in Gulfs of Tehuantepec, Papagayo, and Panam a (Figure 1a and b) (Kessler et al., 2002; Xie et al., 2005) . The southerly location of the ITCZ and higher-pressure systems in the Caribbean and the Gulf of Mexico during the dry season promotes strong northeastern trade winds that traverse the Central American Cordillera creating wind jets generating mixing and upwelling in the region (Benway et al., 2006) , often reducing SST below 20 C (Zapata et al., 2011) and promoting upwelling and eutrophication (D'Croz and O'Dea, 2007) .
In the Gulf of Panam a, a cold surface water plume stretches throughout the area (Figure 1b) and produces a cyclonic gyre in the centre of the Bight (Devis- Morales et al., 2008) . During the wet season (May to November), strong southeastern trade winds and the ITCZ's northern position in September create the strongest cross-equatorial surface flow. As a result, in the centre of the Panam a Bight, the gyre reverses from cyclonic to anticyclonic with a coastal current to the north, and an oceanic upwelling centre (Rodr ıguez- Rubio et al., 2003) . This condition generates a localized stable thermal region (28-29 C) with low productivity waters (Amador et al., 2006) .
(ii) Thermally Stable Regime. The Central American Cordillera shelters some Pacific coast areas from trade winds generating shadow zones where upwelling is non-existent (Figure 1a ). In the Gulf of Chiriqu ı (Panam a), Caño Island and Cocos Island (Costa Rica), this shadow creates year-round warm pools with relatively high and stable SST ranging from 28 to 29 C (Wang and Enfield, 2001 ). However, from January to March, seasonal upwelling can influence the Gulf of Chiriqu ı by reducing the SST to 18 C (Smith et al., 2014) and cause shoaling of the thermocline bringing nutrients to the upper ocean (D'Croz and O'Dea, 2007) . This abrupt temporary decrease in temperature is a key event that may determine the seasonality of some coral reproductive seasons. When the ITCZ moves north during August and September, the North Equatorial Countercurrent moves toward Cocos Island potentially carrying larvae from Clipperton Atoll (see Kessler, 2006) .
(iii) Equatorial Upwelling Regime. The Gal apagos Islands are located south of the ITCZ and under the influence of current systems such as the Panam a Current, Peru Current, and the Equatorial Undercurrent. Oceanographical conditions vary markedly over short spatial scales across the archipelago (Edgar et al., 2004) . Conditions favouring reef accretion are present on most eastern and northern coasts (Feingold and Glynn, 2014) , characterized by larger, thicker and older reefs as compared with non-upwelling areas (Glynn, 2004) . Water temperature increases during the wet season, approximately from December to May (SST means range 26-27 C), and reaches its maximum around March when the south-east trade winds are weakest, and the ITCZ is at its southernmost position (Palacios, 2004) . Water temperature decreases during the cool season from May to December, dramatically from August to October (SST range 21-25 C) (Moum et al., 2013) . The equatorial cold tongue is present in early June and strongest in August-September, with the strongest trade winds (Talley et al., 2011) . El Niño activity disrupts this pattern, and can result in an increase in SST during the cool season. The annual cycle of SST in the Gal apagos is reversed from the seasonal cycle of Upwelling and Seasonal regimes.
(iv) Seasonal Regime. This regime is located at higher latitudes ($20 N), and is a transitional zone where high salinity water from the Gulf of California, and sub-arctic water transported by branches of the California Current converge (Le on-Ch avez et al., 2010). The entrance to the Gulf of California is characterised by the formation of anticyclonic eddies which may act as traps for dispersive propagules of benthic fauna (Zamudio et al., 2007; Paz-Garc ıa et al., 2012b; Saavedra-Sotelo et al., 2013) . In this regime, water temperature decreases during February-March when the California Current is at its maximum southward extent (Le on-Ch avez et al., 2010; Norzagaray-L opez et al., 2014). When the California Current is minimal during July-October, SST increases to 26-29 C, and the warm pool may reach the mouth of the Gulf of California (Figure 1c ) (Kolinski and Cox, 2003; Saavedra-Sotelo et al., 2013) .
Sexual reproduction, phenology, and drivers
Forty-seven zooxanthellate coral species have been reported for the ETP (Glynn et al., 2017a) , and research has primarily focused on 13 species, particularly in the genera Pocillopora, Porites, and Pavona, the principal reef-building corals. Of these species, 12 are broadcast spawners and only Porites panamensis is a brooder (Glynn and Ault, 2000; Glynn et al., 2017b) . Despite significant efforts, direct field observations of coral spawning in the ETP are scarce and only documented for a few species and locations, such as Pavona varians at Uva Island, Panama and Pavona gigantea at Galapagos Islands (Glynn et al., 1996) . Consequently, mature oocytes (stage IV) in histological samples are the main proxy for estimating the spawning timing of corals in the region (Supplementary Table S2 ).
To infer the proximate cues for coral spawning, we identified 183 published observations of the month of spawning (13 directin situ and 170 inferred-mature oocytes stage IV) across 11 coral species between the years 1991 and 2014 (Figure 2 ). We characterised the spawning seasonality for the coral assemblages by aggregating the direct and inferred observations of spawning time (hereafter collectively referred to as spawning observations) across species and populations for each regime. Across the thermal regimes, the spawning seasonality for the coral assemblages showed two distinct patterns. First, a pattern of extended spawning time without strong seasonality exists in the Tropical Upwelling (six species, Figure 2a ) and Thermally Stable regimes (10 species, Figure 2b ). Second, a pattern of strong spawning seasonality concentrated in 3-4 months dominates in the Equatorial Upwelling (six species, Figure 2c ) and Seasonal (two species, Figure 2d ) regimes when the mean SST is at its maximum. The spatial and temporal resolution of the data precludes an analysis of the timing and prevalence of multi-species synchronous spawning. In all but the Thermally Stable Regime, the direct and inferred spawning observations increased linearly with an increase Table S3) , often occurring at temperatures around 26-28 C. In localities within the Tropical Upwelling regime, mature oocytes of Pocillopora damicornis, Porites lobata, and Psammoccora stellata were observed until the end of the upwelling season. The rapid increase of water temperature, the change of pH, and salinity after the upwelling can induce the start of the gametogenic cycle (Castrill on- Cifuentes et al., 2015) . This warm temperature can extent into the wet season (May to November) and induce various spawning events (Figure 2a ). For example, P. varians had one to three gametogenic cycles and possibly an equal number of spawning events during this time . Similarly, in the Thermally Stable regime, mature oocytes appear continuously for extended periods (Figure 2b ). At the Gulf of Chiriqu ı, it is suggested that P. damicornis produces mature oocytes year round with seven to 11 gametogenic cycles with minimal gonadal activity at low SSTs (December-mid-March) (Glynn et al., 1991; Colley et al., 2006) . In the Mexican Pacific, mature P. damicornis oocytes developed from May to August in the Bah ıa de Banderas and Gulf of Tehuantepec (Rodr ıguez-Troncoso et al., 2011). At Caño Island, P. elegans mature oocytes peak during the mid-wet season (August and September). The production of gametes in P. lobata was irregular year round with two annual reproductive peaks. P. varians, a sequential hermaphrodite, was reproductively active during the wet and dry seasons with multiple and/or overlapping gametogenesis cycles (Glynn et al., 2011) .
In the Equatorial Upwelling (Gal apagos Islands) (Figure 2c ), reproductive activity and spawning are likely to occur as temperature increases during the wet season (December to May). Species like P. lobata, P. gigantea, and P. varians display the highest oocyte maturation in the warm season. However, moderate El Niño events can generate a positive off-season effect in pocilloporid reproduction resulting in extended gonadal activity throughout the year (Colley et al., 2006) . In the Seasonal regime, spawning observations peaked with the sharp rise in water temperatures (Fig 2d) . In the Mexican Pacific, P. damicornis oocytes developed from August to November in the Gulf of California (Chavez-Romo and Reyes-Bonilla, 2007). Similar observations were made for P. gigantea in La Entrega Bay (May to July), and Bah ıa de Banderas (June to August). In Bah ıa de Banderas, the brooder, P. panamensis, can release larvae from July to August.
Monthly lunar cycles influence the timing of spawning; however, oocyte maturation is only slightly affected by moon phases and seems to be location specific. Spawning has occurred both during new and full moon phases (Supplementary Table S4 ). For example, Pavona spp. has been observed to spawn during full and new moon phases during a protracted breeding season of 6-12 months . In the Gulf of Chiriqu ı, 11 corals have been observed to broadcast spawn around the full moon phase (Glynn et al., 2012) .
Extended spawning periods and spawning mismatch among populations and species is a puzzling characteristic of coral reproduction in the ETP. This peculiarity is attributed to a reduced environmental seasonality and slight changes in SST, which may generate in response to local environmental conditions either a bet-hedging behaviour, phenotypic plasticity, or storage effects strategy (i.e. strong recruitment and sexual reproduction occurs only when conditions are favourable, Warner and Chesson, 1985) . Even within the extensively studied genus Pocillopora, morphological plasticity and cryptic morphologies induce taxonomic uncertainty confounding ecological studies (Palacios et al., 2014; Paz-Garc ıa, 2015; Paz-Garc ıa et al., 2015) . Predicting the timing of coral spawning in the ETP remains challenging; however, the duration and number of spawning observations appear to be related to the seasonal increase in SST, in concordance with Oliver et al. (1988) asynchronous breeding hypothesis. Although low water temperatures (<24 C) preclude reproductive activity in the majority of ETP species, and can mark the beginning of the new reproductive cycle, it is not a unique environment driver. Lunar phases also appear to influence spawning, often occurring during new and full moon phases. Although field-observations of spawning are rare, local environmental factors like tidal amplitude, river runoff, photoperiod, nutrients, and upwelling intensity can exert a role in the precise timing of spawning and must be Regional spawning phenology and connectivity explored further. Independently of the sexual systems, gonochoric (e.g. poritids) or hermaphroditic (e.g. pocilloporids), asynchronous and extended spawning seasonality are common in the ETP coral assemblage. An extensive review recently published (Glynn et al., 2017b) further supports these observations. Here, we also extend these observations to questions of larval dispersal and the consequences of a mismatch in reproductive phenology.
Dispersal and functional connectivity
At the beginning of their life cycle, corals have a planktonic larval stage in which they can disperse from metres to hundreds of kilometres creating demographic links amongst distant subpopulations (Harrison, 2011) . Larval dispersal, or the spread of larvae from a spawning source to a settlement site, has three primary stages: spawning, transport, and settlement (Pineda et al., 2007; Treml et al., 2015a) . After fertilization, broadcast spawned larvae require hours to days to reach a competency stage, that is, capable of settlement and metamorphose. Larvae become competent when physical or chemical cues can trigger their shift into the juvenile or polyp stage (Gleason and Hofmann, 2011) . Coral larvae may remain competent in a planktonic stage for a period of time and slight changes in their initial larval development (e.g. timing of competency, buoyancy, and advection) can hinder or facilitate the export of larvae from their natal reef (Cowen and Sponaugle, 2009; Treml et al., 2012 ). An assumption is that broadcast spawners have greater fecundity and produce wider dispersing propagules than brooders (Ayre and Miller, 2004) . Planula larvae released from brooding corals, on the other hand, have shorter pre-competency periods and often settle close to the parental colony, with relatively few dispersing over long distances (Harii et al., 2002) . Although coral larvae have low swimming capabilities in comparison to fish larvae (Leichter et al., 2013) , during their pelagic stage, coral larvae are not entirely passive and have been shown to vertically migrate and display active searching behaviour (Vermeij et al., 2010) . In the absence of cues, larvae may remain competent in the plankton and be transported for days to months, up to a maximum pelagic larval duration (PLD) up to many 100s of days for some species (Connolly and Baird, 2010) . Despite accumulating evidence suggesting that most coral larval settlement occurs close to source populations (Miller and Mundy, 2003; Gilmour et al., 2009) , rare LDD events have been shown to be possible (Davies et al., 2015) , and cryptic mechanisms like pumice rafting (Jokiel, 1990 ) and polyp clustering (Mizrahi et al., 2014) can increase the dispersal potential of corals.
In the ETP, little is known about coral dispersal due to the difficulty in collecting empirical information in the field. For the major reef builders as Pocilloporids or P. lobata, there are no records of direct spawning observations either in the field or in controlled settings. Therefore, little is known in this region about coral precompetency periods, larval behaviour, PLD and larval mortality, and how these traits vary across species and habitat conditions (Madin et al., 2016a; Glynn et al., 2017b) . In the ETP the dispersal-related traits with better information are oocyte size at maturity, fecundity and nutrition mode of larvae, with data derived mainly from histological studies (Supplementary Tables  S4-S6 ). In all but P. panamensis (brooder species), the oocyte diameter at maturity for the coral assemblage of the ETP lies in the lower quartile (39.4-208.0 lm) which are the smallest compared with all other corals in all other areas (Figure 3b) Harrison and Wallace (1990) . The nutrition mode of coral larvae can be inferred by the presence/absence of zooxanthellae in their oocytes or larvae . Four of eleven species across the ETP have zooxanthellae in their oocytes and may generate autotrophic larvae (inherit symbionts vertically). Zooxanthellae oocytes are typical of P. damicornis, P. elegans, P. lobata, and P. panamensis (see Supplementary Table S4) . The remaining six species may generate lecithotrophic larvae (utilize energy from reserves in their eggs) and have horizontal transmission of symbionts. It has been proposed that planktonic larval duration will be maximized if both larvae are autotrophic and host a stress-tolerant symbiotic dinoflagellate ). In the ETP, pocilloporids host the dominant stress-tolerant dinoflagellate Symbiodinium glynni, that may assist LDD and confers resistance to extreme conditions (sensu Pinz on and Lajeunesse, 2011). S. glynni lack of population differentiation over the entire ETP suggesting extensive regional host connectivity (Pettay and LaJeunesse, 2013) .
Oocyte diameter at maturity, fertility, and nutrition mode are dispersal-related traits that provide clues regarding dispersal potential or the proportion of a cohort that is competent as a function of time (Figueiredo et al., 2013) . Reduced egg diameter correlates not only with high fecundity and shorter oogenic development in corals (Figueiredo et al., 2014) , but also with shorter pre-competency periods, which together can lead to increased levels of local retention in populations (Figueiredo et al., 2013) . Aditionally, Glynn et al. (2017b) stated that small egg size for poritids, agariciids, pocilloporids and fungiids may be phylogenetically determined which confers an adaptative advantage in the ETP, or be the result of a life history strategy that induces frequent and rapid gametogenesis. We suggest that this combination of traits may favour increased local retention within regimes displaying a higher mean SST, e.g. Thermally Stable (28.05 C). Fecundity values are useful to calculate a population's reproductive output, the product of adult density and fecundity, a factor that influences the local (Cowen et al., 2006) to broad-scale dispersal potential (Treml et al., 2012) ; however, reproductive output is rarely quantified because accurate measurements of reef area, density, and fecundity are available for very few locations. Coral reefs in the ETP cover <1% ($1600 km 2 ) of the world's coral reef area (Spalding et al., 2001) , therefore, their total reproductive output is small in comparison with other regions. The low recruitment densities measured in most reefs within the ETP (Supplementary Table S7 ), could be an indicator of this effect.
Functional connectivity
Estimates of functional connectivity integrate biological and behavioural responses of individual dispersers and their interaction with the physical environment (Gerber et al., 2014) . Therefore, a combination of indirect techniques has been used to quantify connectivity, including population genetics, artificial and natural geochemical marks, and biophysical modelling (Kool et al., 2013) . However, using functional connectivity estimates to infer patterns of actual dispersal is difficult. One in situ approach to access the magnitude of recruitment into local populations (Cowen and Sponaugle, 2009 ) is through coral recruitment surveys using artificial plates, although this technique does not allow the identification of source-destination linkages.
The Eastern Pacific coral assemblages have low levels of recruitment with extremely low levels of recruitment densities measured (80% of observations lies in the lower quartile 0.0-5.9 recruits m 2 y
À1
) compared with recruitment density in other coral reefs around tropical areas (Figure 3c , Supplementary Table  S7) . However, there are reports of high levels of recruitment for one coral, P. panamensis, with 20.4 and 78.71 recruits m 2 y À1 in Huatulco and Gulf of California, Mexico, respectively (L opezPérez et al., 2007; Ch avez-Romo et al., 2013) comparable with some locations of the Caribbean and high-latitude reefs in the Indo-Pacific (Hughes et al., 2002; Quinn and Kojis, 2005) .
The generally low levels of recruitment in the ETP appears to be common and is influenced by several factors. First, reduced sexual reproduction ; where asexual reproduction, through fragmentation/fission may be the predominant mode of population maintenance (Highsmith, 1982) and maintain the local population growth. Second, strong competition for habitat with other invertebrates may limit recruitment (LozanoCortés and Zapata, 2014) . Third, low fertilization success as a consequence of the high ratio of female to male gonads (Castrill on-Cifuentes et al., 2015) . Fourth, there appears to be an insufficient amount of crustose coralline algae or hard substrate to induce larval settlement (Glynn, 2001) . Last, larvae die or may be exported from natal populations before they can settle locally as a consequence of relatively strong oceanic currents, i.e. advection rate of locally produced larvae precludes higher local settlement rates. Despite low levels of recruitment, the influence of sexual reproduction on species and population persistence is apparently significant in coastal and oceanic locations (Guzman and Cortes, 2001; Pérez-Vivar et al., 2006; Boulay et al., 2012; Ch avezRomo et al., 2013; Glynn et al., 2017b) . Critical research gaps remain, such as identifying which populations act as sources and which are sinks, and what are the dynamics of local scale currents (e.g. sticky water) for larvae local retention and self-recruitment in coastal and oceanic localities.
Regional structure of connectivity in the ETP
Coral populations in the ETP have range sizes that span thousands of kilometres (Glynn et al., 2017a) , suggesting LDD is an important process in driving broad-scale population dynamics. However, contemporary population connectivity may be strongly affected by reproductive and dispersal traits (discussed in previous sections) varying across ecoregions within the ETP. To explore the impacts on the strength and structure of potential population connectivity across the ETP we used a biophysical model of larval dispersal to highlight the influence of contrasting spawning phenologies. First, we developed a null model representing the potential connectivity across the ETP ignoring the variable spawning phenology highlighted here (spawning occurs on every full moon; see model details in Supplementary Materials S3). Indeed, variable spawning times is rarely included in models of larval dispersal (Kool et al., 2011; Wood et al., 2016) despite the potential importance (Treml et al., 2012; Kough and Paris, 2015) . Second, to illustrate the potential impact of this new information on spawning phenologies, we present a model of connectivity for the main reef-building specie P. damicornis that spawn irregularly across the ETP (Figure 4a ). Regional spawning phenology and connectivity Based on our model results, the connectivity strength for P. damicornis, taking into consideration the variable spawning phenology between ecoregions, was low (80% of connections had probabilities between 1 Â 10 À5 and 1 Â 10 À8 ; see Supplementary  Table S10 ), this is 10-to 1000-fold lower probabilities compared with similar connectivity analysis at Micronesia (Davies et al., 2015) and Indo-West Pacific (Treml et al., 2015b) . In contrast, the Null Model (consistent spawning times throughout the region) resulted in a much more connected population structure (i.e. receive and export individuals to most local populations) (Figure 4b) .
We used several network measures to evaluate the impacts of these scenarios on the region's connectivity (Magris et al., 2015; Schill et al., 2015) (Supplementary Table S11 ). Local retention or the proportion of larvae that settle within the natal population (or ecoregion) was significantly lower in P. damicornis than the null model. Self-recruitment, defined as the proportion of total settlers to a site that originated from that site (Treml et al., 2012) , was not significantly different between scenarios. Higher values of local retention and self-recruitment indicate that $41% of ecoregions (e.g. Panama Bight, Nicoya, Cortezian, Mexican Tropical Pacific and Revillagigedos) are more likely to be self-sustaining (Schill et al., 2015) . These results imply that a considerable proportion of locally produced larvae were exported from ecoregions, yet those that successfully settle locally are expected to be produced locally (high self-recruitment), with a large proportion of larvae being lost at sea.
Betweenness centrality is a network measure that quantifies the importance of stepping-stones by summing the number of shortest dispersal routes that necessarily pass through each site (Urban et al., 2009) , identifying those sites important to maintaining ecologically relevant connectivity within the ETP network. For P. damicornis, the key stepping-stones were Cocos Island (minimum local-retention), Nicoya and the Mexican Tropical Pacific. In contrast, the Null Model's key stepping-stones were Clipperton Atoll, Cocos Islands and Nicoya. The two dispersal scenarios resulted in different spatial relationships between larval sources and destinations across ecoregions, and as a result highlights the importance for taking spawning phenology into consideration, particularly when considering regional conservation goals (Beger et al., 2015) .
In our connectivity analysis, the considerable physical distance between populations in the ETP indicates that LDD may be more infrequent in ecological time-scale (<100 years) than previously appreciated. Also, we suggest that the frequency of local extinctions caused by of strong ENOS events may exceed the frequency of ecological connectivity and colonisation from the Central Pacific, but more detailed research is needed. Other barriers that hinder dispersal such as the eddies, the Central American Faunal Gap, and the equatorial front must be further explored to determine their influence on regional connectivity. Although gene flow in several taxa has been documented over evolutionary timescales and broad spatial scales (Lessios and Baums, 2017) , the current trend of dramatic coral cover decline with the 2015-16 strong ENSO event (Schiermeier, 2015) , underscores the importance of understanding coral connectivity and how populations in the ETP can recover and persist.
Conclusions
Coral assemblages across the ETP exist within marginal environmental conditions that impact population connectivity. The spatiotemporal heterogeneity of habitats and taxonomic uncertainty in this region has obscured our understanding of coral reproductive phenology and therefore, population connectivity. For the first time, we synthesised at a monthly resolution the empirically based spatial-temporal seasonality in coral spawning and identified SST as a key driver of the unique spawning phenologies. Sexual reproduction occurs irregularly for extended periods in the Upwelling and Thermally Stable regime; but in the Seasonal and Equatorial Upwelling (Galapagos Islands) regimes, it is restricted to months with high SST.
Despite reproductive strategies and dispersal trait diversity, corals in the ETP seem more reproductively isolated, dependent on self-recruitment and asexual reproduction, and vulnerable to disturbance than previously appreciated. In addition, LDD and realized connectivity may be an infrequent event between ecoregions. This realized connectivity may be limited not only by geographical distance, but also by low densities of sexual recruits due to (i) potential phenotype-environment mismatch for settlers between temperature regimes, (ii) extreme post-settlement selection due to environmental stress (ENOS and tidal amplitude); and (iii) due to the impact of spawning asymmetries among regions. The relative demographic contribution of spawning vs. asexual reproduction strategies needs to be quantified, both locally and regionally. We suggest that the frequency of patch extinctions caused by of strong ENOS events exceeds the frequency of patch colonisation in the ETP (or from the Central Pacific).
We have shown how variable spawning phenologies can alter the connectivity of the region, impacting the strength and structure and shifting dispersal pathways (e.g. key stepping-stones). Despite our growing knowledge, many research gaps remain. In situ observations of sexual reproduction, spawning phenology, and larval characteristics is desperately needed for this important coral assemblage. The influence of reproductive phenology on demographic and evolutionary connectivity throughout the ETP regimes, needs more attention. Finally, understanding the role LDD might play in the demographic and evolutionary processes of the Tropical Pacific is key to understanding the region's biogeography. Improving our estimates of ecological connectivity in this region will also assist in the development of coral reef recovery efforts in the Gal apagos' Islands, to minimise threats to marine biodiversity (e.g. Nicaragua's canal) and understand the consequences of the El Niño 2015-16 event.
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